Introduction
It is reported that the internal elastic layer and endothelial cells are damaged in the early stage of atherosclerosis 1) . As a result, the luminal surface becomes rough. Therefore, it would be useful to measure such minute roughness on luminal surface of the arterial wall for diagnosis of early-stage atherosclerosis. The luminal surface on the arterial wall is covered with endothelial cells, and the thickness of an endothelial cell is 10-in thickness 2) . Therefore, high spatial resolution of micron order is required to measure such surface roughness. In the present study, we proposed a method to measure minute surface roughness accurately by ultrasound with filtering. Figure 1 illustrates displacements of the arterial wall caused by heartbeat, where the axial and lateral directions are shown by z-axis and x-axis, respectively. The lateral position of the m-th ultrasonic beam is denoted by x m . During a cardiac cycle, the arterial diameter is expanded due to an increase of internal pressure at the arrival of the pulse wave and the arterial wall is displaced in the longitudinal direction along z-axis 3) because the arch of aorta is pulled due to contraction of the heart. The axial displacement of the surface of the posterior wall between the first frame and the n-th frame is calculated by accumulating instantaneous 3P5-15 3P5-15
Principle
the lateral position of a point on the arterial wall where the m-th ultrasonic beam crosses in the n-th frame is determined.
The arterial movement is small (1 mm) and, thus, the measured region is limited. Therefore, surface roughness was measured in multiple ultrasonic beams, and the measured surface profiles were combined to obtain the surface profile over a wider region 4) . The surface profile measured by ultrasound degraded by the point spread function (PSF) of the ultrasonic diagnostic system. We developed a filter M , which is based on the Wiener filter, to eliminate PSF. Figure 2 shows a block diagram illustrating how to estimate the true surface profile. An echo from a point scatterer of fine wire of 15 m in diameter was used to determine PSF H and inverse filter for deconvolution was designed as follows: (3) where N P and F P are power spectra of noise N and true signal F , and is the control parameter. The estimate F is given by (4) where G is the spectra of the original signal obtained by measurements. By inverse Fourier transformation, surface profile f is estimated. 
Results
In experiments, a silicone phantom which has minute saw-teeth shapes (height of a tooth is about 12 m) was measured. Figure 3 shows a B-mode image of the surface of the phantom (surface profile in red region is shown in Fig. 4) . Figure 4(a) shows the true surface profile measured by a laser profilometer and Fig. 4(b) shows the original measured surface profile (before deconvolution, blue line) and the estimated surface profile (after deconvolution, pink line). This result showed that the surface roughness of the phantom could be estimated with better spatial resolution using filtering. The surface profile, which loses its minute serrated shape, were sharpened and improved by the proposed filtering. The deconvolution filter is applied to data measured in vivo. Figure 5 shows the B-mode image and the luminal surfaces profile of carotid arterial wall. The data was acquired from a healthy subject (23 years old) in in vivo experiments. Fig. 3 . B-mode image of surface of phantom. Estimated surface profile in red region is shown in Fig. 4 . 
Conclusion
In this study, the phantom which has minute surface roughness is measured to evaluate the effect of the proposed deconvolution filter. From the measured PSF, an inverse filter for deconvolution was designed. By using the proposed filter, the surface profile, which loses its minute serrated shape, was improved.
